The mixed-phase relative rate approach for determining aerosol particle organic 23 heterogeneous reaction kinetics is often performed utilizing mass spectral tracers as a 24 proxy for particle phase reactant concentration. However, this approach may be 25 influenced by signal contamination from oxidation products during the experiment. In 26 the current study, the mixed-phase relative rates technique has been improved by 27 combining a Positive Matrix Factor (PMF) analysis with electron ionization Aerosol 28 Mass Spectrometry, thereby removing the influence of m/z fragments from reaction 29 products on the reactant signals. To demonstrate the advantages of this approach, the 30 heterogeneous reaction between OH radicals and citric acid (CA) was investigated 31 using a photochemical flow tube coupled to a compact time-of-flight aerosol mass 32 spectrometer (C-ToF-AMS). The measured heterogeneous rate constant (k 2 ) of citric 33 acid toward OH was (3.31±0.29)×10 -12 cm 3 molecule -1 s -1 at 298 K and (30±3) % RH 34 and was several times greater than the results utilizing individual m/z fragments. This 35 phenomenon was further evaluated for particulate-phase organophosphates (TPhP, 36 TDCPP, and TEHP), leading to k 2 values significantly larger than previously reported. 37 The results suggest that heterogeneous kinetics can be significantly underestimated 38 when the structure of the products is highly similar to the reactant and when a 39 non-molecular tracer is measured with a unit mass resolution aerosol mass 40 spectrometer. The results also suggest that the heterogeneous lifetime of organic 41 aerosol in models can be overestimated due to underestimated OH uptake coefficients. 42 Finally, a comparison of reported rate constants implies that the heterogeneous 43 3 oxidation of aerosols will be dependent upon a number of factors related to the 44 reaction system, and that a single rate constant for one system cannot be universally 45 applied under all conditions. 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 4 1. Introduction 66 Reaction kinetics data provide key parameters for both air quality and climate 67 models. They are required to compute the trace gas and particle matter (PM) content 68 of the atmosphere (Kolb et al., 2010) and to evaluate the atmospheric lifetime and fate 69 for individual species. Organic particle makes up 10-90 % of the global submicron 70 particle mass in the lower troposphere (Zhang et al., 2011), and is comprised of 71 various reactive organic species, which are subject to atmospheric heterogeneous 72 oxidation. Previous studies have found that heterogeneous reactions with OH in 73 particular, can lead to an increase in density, CCN activation (George and Abbatt, 74 2010) and optical extinction (Cappa et al., 2011) of organic particulate matter. 75 Therefore, there is a growing interest in understanding not only the mechanism of PM 76 transformation through heterogeneous reactions including oxidation, but also 77 determining the rates at which organic aerosols are chemically transformed in the 78 atmosphere. 79 To this end, Donahue et al. (2005) and Hearn and Smith (2006) developed a 80 mixed-phase relative rate technique for measuring organic PM component 81 heterogeneous reaction kinetic rate constants. In this method, the rate constant of the 82 compound of interest is determined from the decrease of its particle phase relative 83 concentration as a function of oxidant exposure. The oxidant levels are 84 simultaneously estimated via the measured loss of a gas phase reference compound 85 after applying the known second-order rate constant (k 2 ) toward the oxidant. In this 86 approach the rates of chemical change are given by, 87 5 − d A d = 2,A A Ox (1) 88 − d R d = 2,R R Ox (2) 89 where c A , c R and c Ox are the particle phase concentration of the compound of interest 90 (A), the gas phase concentration of the reference compound (R) and oxidant 91 (molecules cm -3 ) respectively, while k 2,A and k 2,R are the second-order rate constant of 92 A and R to the oxidant (cm 3 molecule -1 s -1 ). A relative rate constant (k r ) (ie: particle 93 phase reaction rate of A, relative to the gas phase rate of R) can be derived by dividing 94 Eq. (1) by Eq. (2). The derivation of k r provides a means to obtain heterogeneous 95 kinetic data without the need to know the absolute concentration of the oxidant. The 96 differential and integral forms for the relative rates technique are shown as Eq. (3) and 97 103
(4), system utilized in this study has been described elsewhere (Liu et al., 2014) . Briefly, 165 organic particles (citric acid) were generated via atomization (model 3706, TSI), dried 166 through a diffusion drier and size-selected with a differential mobility analyzer (DMA) 167 (model 3081, TSI). The dried, monodispersed CA particles were introduced into the 168 flow tube reactor and exposed to differing OH concentrations. OH radicals were 169 produced by the photolysis of O 3 at 254 nm in the presence of water vapor. O 3 was 170 generated by passing zero air through an O 3 generator (OG-1, PCI Ozone Corp.). The 171 O 3 concentration in the reactor was measured using an O 3 monitor (model 205, 2B 172 Technologies) and ranged from 0-1000 ppbv. Relative humidity (RH) in the reactor 173 was held constant (30±3) % by varying the ratio of wet to dry air used as an air source, 174 and was measured at the exit of the flow tube reactor. The temperature was held 9 constant at 298 K by circulating a temperature controlled fluid through the outer 176 jacket of the reactor. The residence time in the flow reactor was 52 s. The steady-state 177 OH exposures were varied from 0 to ~7.0×10 11 molecules cm -3 s which was estimated 178 on the basis of the decay of methanol from (as a reference compound) its reaction 179 with OH. The decay of methanol from its reaction with OH was measured using the 180 PTR-ToF-MS. The k 2 of methanol, 9.4×10 -13 cm 3 molecule -1 s -1 , was used for the OH 181 exposure calculation (Atkinson and Arey, 2003).
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OH radical reactions were performed in a custom-made reactor consisting of two 183 electro-polished stainless steel cylinders with inner diameter of 7.3 cm. The first stage 184 contained static mixing elements (StaMixCo) to ensure that particles and gas phase 185 species were well mixed prior to entering the reaction region (second stage). Fluid 186 dynamics simulations of the flow tube confirmed that particles and gas phase species 187 were well mixed in the reactor, with a uniform initial velocity profile. The size and 188 composition of the particles exiting the reactor were measured by a scanning mobility 189 particle sizer (SMPS, TSI) and an Aerodyne C- , 2012) . Therefore, the use of PMF for separating the reactants from the products in 213 laboratory studies aimed at using the relative rates method for heterogeneous kinetic 214 studies would seem to be a reasonable approach. 215 The AMS data for CA oxidation from all experiments combined were used as Figure 2C shows the difference mass spectra (factor 2 -291 factor 1). that factor 2 belongs to oxidation products of CA. However, small changes in the 294 relative intensities of these peaks suggest that the structure of the oxidation products 295 of CA are likely similar to that of CA. For example, as shown in Figure 2A and B, the 296 intensity of m/z 129 and 87 in factor 2 are 0.0125±0.0046 and 0.0218±0.0013 297 compared to 0.0141±0.0046 and 0.0235±0.0013 in factor 1. 298 The changes of the relative concentrations of gas phase methanol and particle 299 phase CA are shown in Figure 5 . The signal of CA extracted by PMF analysis also 300 responded to OH exposure as expected, when methanol was present in the gas phase, 301 which is similar to that of Figure 1 . The relative intensities of the typical tracers of CA 302 at m/z 87, 129 and 147 are shown in Figure 5C . However, the relative loss of these 303 tracers as a function of OH exposure in Figure 5C is much smaller than that of the CA 304 factor derived from the PMF analysis ( Figure 5B ). In addition, the consumption of the mass spectra between the unreacted CA and its oxidation products as shown in Figure   310 2. Furthermore, it suggests that the measured loss of these fragments, which were 311 supposedly only derived from CA, had in fact contributions from the fragmentation of 312 the products of CA oxidation. This ultimately would lead to an underestimation of the 313 second order heterogeneous rate constant (or OH uptake coefficients) if these 314 fragments were chosen as the proxies for the particle phase concentration of CA. In their work, the diameter of particles and RH were equivalent to the current work, 366 while their experimental temperature was 10 K higher. In addition, a m/z fragment of 367 68 was used as a tracer for CA in their work to derive the heterogeneous rate constant. 368 Conversely, no significant consumption of m/z 68 was observed in the current study. 369 The lack of a m/z 68 fragment consumption here may be explained by the choice of and TEHP based upon PMF analysis is 1.5 and 1.6 times larger than that using the 458 chosen tracers. The good agreement between methods for TPhP is likely due to the 459 fact that the molecular ion peak (M + ) is measurable for TPhP with the AMS, while it 460 is not observable for TDCPP, TEHP and CA. Therefore, the influence of secondary 461 fragmentation from larger fragments has little influence on the signal of M + for TPhP. 462 These results also demonstrate that a substantial underestimation of rate constants 463 could result when a non-molecular ion tracer is used to monitor the particle phase 464 concentration of organic matter with UMR-AMS for heterogeneous kinetic studies. 465 The discrepancy between the tracer and PMF based methods for other compounds 466 will depend upon a number of factors including: structure of products, OH exposure 467 level, particle morphology, and organic species competing OH reactions. 
